Hybrid constructed wetlands composed by vertical flow constructed wetland (VFCW) followed by horizontal subsurface flow constructed wetland (HFCW) are a wastewater treatment technology employed worldwide. However, there are few studies of their application in Brazil. Treatment performance is not achieved directly after the start of operation and may change according to external conditions over time. This paper evaluated a VFCW-HFCW hybrid system applied to treat urban wastewater in southern Brazil during the first 70 operational weeks. The system was operated with cycles of rest and feed periods. The results point to the first 10 weeks of operation as a transitioning period, especially for VFCW, after which chemical oxygen demand (COD) (from 77% to 90%) and total suspended solids (TSS) (from 90% to 100%) removal performances stabilized and reached their peak rates. Factors such as rainfall precipitation, macrophytes' adaptation, and time of operation affected pollutants' removal. Regardless of the fluctuations throughout the period, the hybrid system presented resilience by generating excellent average removal rates. It showed a mean removal efficiency of 99% for TSS, 98% for COD, 69% for total nitrogen (TN), 91% for NH 4 þ -N, and 96%
INTRODUCTION
Constructed wetlands (CW) are a wastewater treatment technology employed worldwide. Their main advantages over conventional wastewater treatment plants reside in their simple operation and low maintenance, energy requirements, and initial capital cost, which altogether culminates in positive environmental and social outcomes (Ávila & García ) . Over the years, many advances and modifications have been proposed to improve the treatment performance of CW. Thus, nowadays, these systems are employed under a large variety of design and operation conditions. One of those variations is the arrangement of different CW in series, known as CW hybrid systems.
Among the CW hybrid systems, vertical flow (VFCW) followed by horizontal subsurface flow (HFCW) is the main arrangement employed in the world today (Vymazal ) , and its study started more than half a century ago (Seidel ) . Despite that, there are a very limited number of CW hybrid systems in Brazil and even less reliable monitoring data for all real, pilot, and bench scale systems (Machado et al. ) . The dissemination of such technology in Brazil would benefit the poor Brazilian sanitation coverage, especially for low-density regions with sensitive environments, in which advanced levels of wastewater treatment are required but large investments are not feasible.
VFCW-HFCW hybrid systems can reach a high wastewater treatment level since they present various pollutants' removal and transformation pathways. The diverse microbiological structure present in the bed media of both units provides various ways to remove carbonaceous organic matter and nitrogen compounds. In general, VFCW is intended to create an aerobic environment, aiming to remove organic matter and promote ammonia nitrogen oxidation. On the other hand, HFCW creates a predominantly anoxic and anaerobic environment, where organic matter is further removed and the reduction of oxidized nitrogenous compounds is favored.
One operational strategy that has already been used is intermittent wastewater application in VFCW. The intermittence promotes air drag into the bed media, enhancing nitrification and organic matter oxidation, which, thus, improves overall treatment performance. In this modality of wetlands, the main source of oxygen to the interior of the filter media occurs by the convection and diffusion of the atmospheric air (Platzer ; Kayser & Kunst ) . For VFCW operated with sand as bed medium, the amount of oxygen diffused in the medium is 1 g O 2 m À2 h
À1
. In relation to the convection mechanism, the oxygen input is dependent on hydraulic loading rate and the retention time (Platzer ) . Furthermore, the use of a hydraulic regime based on alternation of phases of feed and rest allows for controlling the growth of the attached biomass, to maintain aerobic conditions within the filter bed and to mineralize the organic deposits accumulated on the bed surface, increasing CW treatment performance (Molle et al. ) . In this way, the existence of operation and resting periods (i.e., 3.5 days of feeding and rest periods in the week), through the establishment of alternate operation, extends the system's lifespan. However, in
Brazil, the few monitored CW hybrid systems usually operate with continuous feeding (i.e., they are operated every day of the week) (Sezerino et al. ; Machado et al. ) .
In order to disseminate this technology to the Brazilian context, local investigation studies with reliable monitoring data are required since the treatment performance (and consequently system design) are highly dependent on the climate (i.e., air temperature, radiation hours, rainfall, among others) and operation strategies. Furthermore, the technology implementation will depend not only on the treatment performance, but also on the availability of land, local macrophytes, and material for bed media (i.e., the feasibility of its implementation). Brazil has generally warm temperatures, extensive radiation hours, large biodiversity, and available land, which all favor the implementation of CW systems.
Faced with the lack of data on hybrid CW systems in
Brazil and the country's favorable conditions for its implementation, the aim of this study was to evaluate the behavior of a pilot-scale hybrid system (VFCW-HFCW) with hydraulic regime based on feed and rest periods. To the best of the authors' knowledge, this is the first study to monitor a VFCW-HFCW hybrid system in Brazil operated with feed and rest periods. Moreover, this study provides a general discussion on its treatment performance, including load removal, associated with weather and plant monitoring, from the system's startup to more than one year of operation. This can be particularly helpful for practitioners who wish to implement this technology in the Brazilian context.
METHODS
The experimental treatment plant
The treatment plant was implemented in July of 2015 and is Considering the surface area of VFCW, the hybrid system was operated under an average organic loading rate (OLR) of 40 ± 12 g COD.m
À2
.d À1 and a hydraulic loading rate (HLR) of 63 ± 13 mm.d
À1
. The VFCW operation was set with intermittent feeding (3 to 4 pulses per day at 8:00 a.m., 11:00 a.m., 2:00 p.m., and 5:00 p.m.) and with cycles of 3.5 days of operation followed by 3.5 days of rest. Each pulse lasted around 2 minutes, with an input of 150 L. The HFCW had 
RESULTS AND DISCUSSION
In general, based on 70 weeks of monitoring and operation, the hybrid system showed an excellent (>90%) removal of organic matter, total suspended solids, orthophosphate phosphorus, and ammonium nitrogen (Table 1) . Moreover, the mean evapotranspiration rate was of 6 ± 0.6 mm.d À1 in the VFCW and 1 ± 1 mm.d À1 for HFCW. We stress that for both VFCW and HFCW, a low evapotranspiration was identified over the monitoring period (4.7 to 6.2 mm.d
À1
for VFCW and 0.6 to 3.2 mm.d À1 for HFCW).
Carbonaceous organic matter performance
The average COD removal on the hybrid system was 98 ± 1%.
Nevertheless, the hybrid system showed a variation in treatment performance throughout the monitoring. The main identified temporal behavior was the moment of startup of the hybrid system (Figure 2 ). Until the 10th week of operation, the COD mean removal efficiency of the VFCW was limited to 77 ± 7%, with minimum and maximum rates of 63% and 87%, respectively. Afterwards, the removal increased to 90 ± 5%, within a range of 75% to 99%. It is inferred, therefore, that the period of 10 weeks was the time that the microorganism and plant communities needed to reach their stabilization and offer their optimal removal efficiencies in the VFCW. On the other hand, even though the HFCW showed a variation in its effluent COD within the same interval of time, the HFCW did not greatly vary its efficiency during this period (81 ± 16% to 85 ± 15%, before and after the 10th week, respectively).
Thus, the main reason for a falloff in HFCW COD after the 10th operation week was probably due to the greater VFCW efficiencies in carbonaceous organic matter removal.
Natural variations of the carbonaceous organic removal efficiency (ranging from 40% to 90%) in CW were frequently reported in previous studies, due to climatic conditions, plant growth stage, and influent quality fluctuations
Another performance variation that was noticed was a decline in the efficiency of both VFCW and HFCW close to the 54th week, the moment when the macrophytes were affected unit in this study due to macrophyte damage was the HFCW, which presented a decrease of 25% in COD removal during the plague (85 ± 15% to 60 ± 15%, before and after the 54th week of operation). However, despite the reported macrophyte damage, the influent quality fluctuations and the different seasons (daily temperature ranging from 9.8 to 28.8 C), the hybrid system was able to absorb these variations and to present an average COD removal efficiency of 98 ± 1% (ranging from 93% to 100%), which illustrates the system's resilience. Furthermore, no seasonal effects in the hybrid system performance were noticed during the study. The final effluent had average COD concentrations of 53 ± 15 and 12 ± 9 mg.L À1 of COD for VFCW and HFCW, respectively.
Total suspended solids' performance TSS removal in the hybrid system was very high (>99%) throughout the monitoring. Similarly to the organic matter removal, the TSS removal in VFCW was also affected by ) 7 6 ± 11 63 ± 8 2 8 ± 7 8 0 ± 18 6.6 ± 6 9 1 ± 9 
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4.9 ± 1.5 1.5 ± 0.8 1.6 ± 0.5 0.8 ± 0.5 the startup period even though at a smaller magnitude. However, the main modifier on the unit's performance was critical events of intense and long-lasting rains. The VFCW presented TSS removal efficiencies lower than 90% before 10 weeks of operation. After that, the TSS efficiencies went to approximately 100% until the 40th week, when suddenly the performance dropped 51%. The decrease in TSS removal in the VFCW was concurrent with the peak of heavy and long-lasting rains, which had been registered during the 4 previous weeks (Figure 3 ). These rains were not the most severe registered events. However, it was the only moment when rainfalls stronger than 100 mm.week À1 endured for 3 consecutive weeks. This event entailed a total additional input of 385 mm on the VFCW over 4 weeks, which represented an increase of almost 45% input on the VFCW when compared to moments without precipitation (63.2 ± 14 mm.d
À1
).
The intense rainfall diluted the influent to the lowest TSS concentrations (<20 mgTSS.L À1 ). Despite that, even with the lowest TSS input, VFCW performance substantially decreased, which might be associated with the washout phenomenon. Evidence that supports the occurrence of the washout was the fact that the highest registered VFCW outflow (7.6 L.min À1 or 150% greater than the average daily maximum discharge) was measured at the same time as the VFCW lost more than half of its TSS removal capacity. The washout phenomenon has also been described in a hybrid system VFCW-HFCW-FWS that was suddenly submitted to two times greater HLR due to intense rainfalls reduced TSS removal from 90% to 65% while the HFCW generated effluents with higher TSS than the influent. In the present study, however, the HFCW did not experience TSS performance loss during intense precipitation events.
The maximum TSS concentration in the HFCW effluent was equal to 0.4 mgTSS.L À1 and during 74% of the time TSS concentrations were not detectable.
After the critical rainfall event, there was a decrease in rainfall intensity for the following 16 weeks (<35 mm.week À1 ), during which the VFCW was able to progressively recover its previous TSS removal performance.
Ultimately, the VFCW achieved the previous 100% efficiency at the 70th week.
Nitrogen transformations and removal
Throughout the monitoring, the hybrid system was able to remove 91 ± 9% of NH 4 þ -N and 69 ± 13% of TN. Each VFCW and HFCW had different roles in nitrogen transformations and removal in the hybrid system. In regard to the VFCW, the average NH 4 þ -N removal was 68 ± 8%, whereas TN removal was only 33 ± 12%. In this modality of CW, it is already known that nitrification is the main mechanism linked to nitrogen transformation, while TN removal is limited (from 40% to 50%) due to the low denitrification potential (Vymazal ) . In regard to fluctuations throughout the monitoring period, no clear temporal behavior of TN and NH 4 þ -N removal and NO 3 -N production were identified.
However, it was noticeable that the moments with the literature (Zheng et al. ) . Controversially, during the senescence period, crops direct the nutrients in leaf tissues to the rhizosphere as a metabolic adaptation (Thomas & Ougham ), which could then be interesting since the dry leaves would contain mainly carbon. In that way, the pruning limitation strategy was adopted to verify whether unharvesting the HFCW would contribute to NO 3 -N and TN removal in the HFCW. However, the strategy was not successful. After the 36th week of operation the TN removal efficiency dropped (Figure 4(c) ). This decrease could be related to an increase in NO 3 -N input at this time, together with a decrease of plant activity due to the combination of unharvesting and aphid plague. In that way, it is suggested that pruning be continuously done in the HFCW.
Phosphorus orthophosphate performance
The hybrid system presented an excellent PO 4 3-P removal throughout the monitoring (96 ± 3%). The removal rate was stable during the time in both the VFCW and HFCW, and presented a slight decrease in performance after the 44th and 50th week of operation, respectively. Despite this, the final hybrid effluent was always lower than 2 mg PO 4 3-P.L À1 . The VFCW generated an effluent with less than 10 mg PO 4 3-P.L 
CONCLUSIONS
This study evaluated the treatment performance of a hybrid system (VFCW-HFCW) in southern Brazil during the first 70 weeks of operation. Based on this, one can draw the following conclusions.
The initial period of 10 weeks represented a cornerstone for the upgrade of the hybrid system COD and TSS removal performance, especially in the case of the VFCW unit, where treatment performance increased after this period, from 77% to 90% for COD and >90% to 100%
for TSS. Therefore, according to our results, practitioners should expect a startup period, after which the system's performance should increase.
Extreme long-lasting rains negatively affected primarily the VFCW's TSS removal. After 3 consecutive weeks of intense rainfalls (greater than 100 mm.week À1 ) the removal efficiency dropped 51%. However, performance gradually increased after the extreme event. The VFCW was able to reach maximum performance again 4 weeks later. This exemplifies the system's resilience to recover its previous performance after extreme weather events.
The aphid plague that occurred affected mostly the HFCW's performance rather than the VFCW's performance. The HFCW's removal efficiency decreased 25%, 13%, and 10% COD, NH 4 -N, and TN, respectively.
A low denitrification in the HFCW was observed throughout the monitoring due to low influent C:N. On the other hand, the low influent C:N seemed to favor NH 4 þ -N removal in the HFCW. This fact indicates that the final hybrid system effluent could be potentially interesting for agricultural purposes.
In general, the hybrid system showed average removal efficiencies greater than 90% for COD, TSS, NH 4 þ -N, and PO 3 -P. TN removal was in the order of 69%. The monitored VFCW-HFCW hybrid system presented resilience even though extreme rainfall events and aphid plagues occurred during the monitoring period. Furthermore, throughout the whole monitoring, the hybrid system always generated an effluent that was suitable to be discharged into sensible environments, according to Brazilian national and state regulations.
